Background: Cellular uptake of retinol bound to its serum binding protein depends on a cell surface receptor. Results: Functional coupling of this receptor with lecithin:retinol acyltransferase is required for the regulated cellular uptake of retinol. Conclusion: The lecithin: retinol acyltransferase is critical for retinol uptake and homeostasis. Significance: Blood retinol homeostasis is associated with blinding retinopathies and diabetes.
Vitamin A (all-trans-retinol (ROL) 2 ) plays a pivotal role in vision, embryonic development, immunity, and metabolic control. ROL is the precursor for at least two critical metabolites, 11-cis-retinal, the chromophore of G protein-coupled receptors that mediate phototransduction in the eyes (1) , and alltrans-retinoic acid (ATRA), the ligand of retinoic acid recep-tors that, along with retinoid X receptors, regulate the expression of numerous target genes (2) . To support retinoiddependent processes in tissues, mammals have evolved two major transport systems to distribute and store vitamin A (3) . Absorbed dietary ROL is converted to retinyl esters (REs) by enterocytes of the intestine (4) and packaged into chylomicrons that are secreted into the lymph (5) . A portion of postprandial circulating REs is taken up by peripheral tissues in a process involving extracellular hydrolysis by lipoprotein lipase (6) . But the large remainder (about 70%) in chylomicron remnants is cleared by hepatocytes and hydrolyzed back to ROL (7) , transferred to hepatic stellate cells, and esterified for storage (8) . Mobilization of vitamin A from liver stores is critically dependent on the ROL-binding protein (RBP) (9) . This 21-kDa protein is produced in hepatocytes and secreted into the circulation in a ROL-dependent manner. In the blood, holo-RBP forms a protein⅐protein complex with the 55-kDa transthyretin (TTR) homotetramer at a 1:1 molar ratio (10) . TTR⅐RBP complex formation is required for normal blood ROL homeostasis and prevents filtration of the relatively small holo-RBP molecule through kidney glomeruli (10) . Despite the membrane permeability of ROL, a RBP receptor was proposed long ago (11) , and this was recently identified to be encoded by the Stra6 (stimulated by retinoic acid 6) gene (12) . Stra6 is widely expressed in mammalian embryos and in several retinoid-metabolizing peripheral tissues of adults, including the eyes, brain, and lung. The liver, as the major organ for retinoid storage and RBP secretion, does not express this protein (12, 13) . Recent studies in a Stra6 knock-out mouse model confirmed the importance of STRA6 for ocular retinoid uptake (14) .
Cell culture studies indicate that the flux of ROL between RBP and STRA6 is bidirectional and that cellular accumulation of ROL depends on the cellular vitamin A-binding protein 1 (CRBP1) and lecithin:ROL acyltransferase (LRAT) (15, 16) . LRAT is a microsomal membrane-anchored enzyme that converts ROL into RE by transferring palmitate from the sn-2 position of lecithin (17) . Previously, LRAT function has mainly been investigated in the context of vision and storage of dietary vitamin A in tissues. Lrat Ϫ/Ϫ mice lack vitamin A stores in the liver and are highly susceptible to dietary vitamin A deficiency (8, 18) ; these animals also are blind due to the critical role of Lrat in processing visual chromophore (19) . Co-expression of Stra6
and Lrat in several peripheral tissues implicates LRAT in vitamin A uptake as well. Finally, both Stra6 and Lrat are ATRAregulated target genes (13, 20) . These observations prompted us to analyze the role of LRAT in vitamin A homeostasis with mouse models to elucidate the putative interdependence of STRA6 and LRAT in cellular vitamin A uptake and its regulation.
EXPERIMENTAL PROCEDURES
Animals-Twelve-week-old female Lrat Ϫ/Ϫ (19) and wild type control mice with a C57/BL6;129Sv mixed genetic background were used for most experiments described. Mice provided regular chow with ad libitum access to food and water were maintained at 24°C in a 12-h/12-h light/dark cycle. For dietary vitamin A experiments, 8-week-old wild mice were provided either a vitamin A-sufficient (4,000 IU of vitamin A/kg) or a vitamin A-free diet for 20 weeks with diets prepared by Research Diets, Inc. (New Brunswick, NJ). All animal procedures and experiments were approved by the Case Western Reserve University Animal Care Committee and conformed to recommendations of both the American Veterinary Medical Association Panel on Euthanasia and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Expression and Purification of Human Serum RBP-RBP expression and purification from Escherichia coli was accomplished essentially as described previously (21) . Briefly, human RBP (hRBP) cDNA was cloned into a pET3a expression vector and expressed in BL-21 DE3 cells according to a standard protocol. Bacterial cells were harvested and lysed by osmotic shock. Insoluble material was pelleted by centrifugation, washed, and solubilized in 7 M guanidine hydrochloride and 10 mM dithiothreitol. After overnight incubation, insoluble material was removed by ultracentrifugation, and the supernatant was used for the hRBP refolding procedure. hRBP was refolded by the dropwise addition of solubilized material into a mixture containing 150 Ci of [11, H]ROL ([ 3 H]ROL) (PerkinElmer Life Sciences) and non-radiolabeled ROL (Sigma) at a final concentration of 1 mM. Refolded holo-hRBP was dialyzed against 10 mM Tris/HCl buffer, pH 8.0, and loaded onto a DE53 anion exchange chromatography column (Whatman, Piscataway, NJ). Holo-hRBP was eluted with linear gradient of NaCl (0 -1 M) in 10 mM Tris/HCl buffer, pH 8.0. Collected fractions were examined by SDS-PAGE and UV-visible spectroscopy to ensure a proper protein/retinoid ratio. Fractions containing at least 90% holo-hRBP were pooled together and concentrated in a Centricon centrifugal filter device (cut-off 10,000 Da) (Millipore, Billerica, MA) to 5 mg/ml. [ Coulter) .
Treatment with RBP-lowering Agents; Blood and Tissue Collection-At 8:00 a.m., a small blood sample was collected from the tail vein of each animal to determine the RBP level at the time point (t ϭ 0) and kept on ice until serum separation. Immediately thereafter, mice were gavaged with 30 mg/kg body weight of either fenretinide (Toronto Research Chemicals), A1120 (Sigma), or ATRA (Sigma) dissolved in 200 l of canola oil with the same volume of canola oil used as a vehicle control. Tail vein blood samples were collected at 4, 8, and 24 h after treatment. Mice then were anesthetized by intraperitoneal injection of a mixture containing ketamine (80 mg/kg body weight) and xylazine (20 mg/kg body weight) in 10 mM sodium phosphate, pH 7.2, with 100 mM NaCl, and blood was drawn directly from the heart after snipping the right atrium. Then mice were perfused with 10 ml of PBS and killed by cervical dislocation. Liver, kidney, lung, eyes, and gonadal adipose tissue were dissected out, weighed, and immediately snap-frozen in liquid nitrogen before storage at Ϫ80°C until further use.
Analysis of RBP Secretion by HepG2 Cells-Human hepatoma HepG2 cells were maintained in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin sulfate and cultured at 37°C in 5% CO 2 . When cells reached confluence, the medium was removed, and cells were washed twice with PBS. Then cells were preincubated for 30 min in DMEM containing 10 mg/ml bovine serum albumin (Sigma) and 20 g/ml cyclohexamide (Sigma). ATRA (Sigma) dissolved in ethanol was added to the medium at a final concentration of 2 M, and cells were incubated for 2 h at 37°C. Then ROL was added at a final concentration of 2 M, and cells were incubated for an additional 1 h. Ethanol only (0.1%, v/v) was used as the vehicle controls. Cells and medium were harvested and frozen separately at Ϫ80°C until further analysis.
Immunoblotting-All tissue samples were homogenized in M-PER mammalian protein extraction reagent (Thermo Scientific, Marietta, OH) following the manufacturer's instructions. For RBP determinations in liver, 20 g of total protein was used.
To determine RBP serum levels, 2 l of serum was diluted with 40 l of PBS containing Complete Mini EDTA-free protease inhibitor (Roche Applied Science), and 4 l of this solution was used for immunoblot analysis. To quantify RBP protein levels in HepG2 cells, 10 -20 g of total protein cell lysate and 50 l of cell-free medium were subjected to immunoblot analyses. Samples were subjected to SDS-PAGE and then electroblotted onto PVDF membranes (Bio-Rad). For LRAT and CRBP1 determinations in liver, lung, and adipose tissue, 10 -30 g of total protein was fractionated by SDS-PAGE and immunoblotted as described above. Membranes then were blocked with fat-free milk powder (5%, w/v) dissolved in Tris-buffered saline (15 mM NaCl and 10 mM Tris/HCl, pH 7.5) containing 0.01% Tween 100 (TBS-T), washed, and incubated overnight at 4°C with the appropriate primary antibody. For RBP detection, a rabbit antihuman RBP serum (DakoCytomation, Denmark) was used at a 1:1000 dilution. For CRBP1 detection, a polyclonal rabbit antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was employed at a 1:2000 dilution. For LRAT detection, a non-commercial anti-LRAT monoclonal antibody was used at a dilution of 1:2000 (19) . Either ␤-actin antiserum (Cell Signaling, Boston, MA) at a dilution of 1:1000 or Ponceau S staining solution (Boston BioProducts, Ashland, MA) served as a loading control for total protein visualization. Secondary antibodies employed were either horseradish peroxidase-conjugated anti-rabbit IgG (Promega, Madison, WI) or anti-mouse IgG (Promega) used at a dilution of 1:5000. Immunoblots were developed with the ECL system (GE Healthcare). Quantification of scanned immunoblot single bands was performed with ImageJ software.
mRNA Isolation and Quantitative PCR Analysis-Total mRNA isolation was carried out with the TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA concentration and purity was measured with a Nano-drop spectrophotometer (ND-1000, Thermo Scientific). The Applied BioSystems retrotranscription kit (Applied BioSystems, Carlsbad, CA) was employed to reverse transcribe 1 g of total RNA to cDNA. qRT-PCR was carried out with TaqMan probes (Applied BioSystems) for Cyp26a1 (Mm00514486_m1), Stra6 (Mm00486457_m1), Lrat (Mm00469972_m1), and RBP (Mn00803266_m1). ␤-Actin (Mm01205647_g1) and 18S rRNA (4319413E) probe sets were used as endogenous controls. All real-time experiments were done with an ABI Step-One Plus qRT-PCR instrument (Applied BioSystems).
HPLC Analysis of Retinoids-Non-polar retinoids were extracted from either 70 -100 l of serum or 30 mg of tissue under a dim red safety light as described previously (22) . The extraction solution was composed of 200 l of methanol, 400 l of acetone, and 500 l of hexanes. The organic phase was removed, and the extraction was repeated with 500 l of hexanes. Then the collected organic phases were pooled and dried in a SpeedVac (Eppendorf, Hamburg, Germany). The residue was dissolved in 200 l of HPLC solvent (hexane/ethyl acetate, 90:10, v/v). HPLC was performed with a normal phase Zobax Sil (5 m, 4.6 ϫ 150 mm) column (Agilent, Santa Clara, CA). Isocratic chromatographic separation was achieved with 10% ethyl acetate/hexane at a flow rate of 1.4 ml/min. For quantification of retinoids, the HPLC was scaled previously with the pattern compound ROL and RE (Sigma).
Statistical Analyses-Values are expressed as means Ϯ S.E. Statistical significance of differences derived from either the two-way ANOVA or two-tailed Student's t test were analyzed by SPSS 14.0 for windows (SPSS, Chicago, IL), with the threshold of significance set at p Ͻ 0.05.
RESULTS

ROL Uptake from Holo-RBP in Vivo Depends on LRAT
Function-Previous cell culture studies implicated LRAT in the uptake of vitamin A from holo-RBP (12, 15, 16) . To analyze the role of LRAT for this process in vivo, we devised a method to measure cellular vitamin A uptake from holo-RBP in mice. It had been shown that human RBP can substitute for blood ROL transport in Rbp Ϫ/Ϫ mice (9, 23) . Thus, we produced recombinant human holo-RBP and injected it intraperitoneally into mice. Endogenous mouse and recombinant human RBPs showed slightly different eletrophoretic mobility when serum samples were fractionated in 15% SDS-polyacrylamide gels ( Fig. 1A ). 1 h after administration, hRBP was detectable in the circulation, demonstrating that it was absorbed and transported in the blood stream, but after 24 h, TTR-unbound hRBP was completely cleared from circulation by glomerular filtration ( Fig. 1A) .
To follow the metabolic fate of ROL bound to RBP, we loaded recombinant human RBP with [ 3 H]ROL. Both Lrat Ϫ/Ϫ and wild type mice were injected intraperitoneally with a [ 3 H]ROL/ hRBP solution corresponding to 0.4 Ci. We then measured levels of [ 3 H]ROL in the serum and tissues of mice at different time points after injection. Both Lrat Ϫ/Ϫ and wild type mice showed a transient increase of [ 3 H]ROL in the serum that decreased with time ( Fig. 1B) . Although analysis of the lung and eyes of wild type mice demonstrated a significant uptake of [ 3 H]ROL over time ( Fig. 1, C and D) , the lungs and eyes of Lrat Ϫ/Ϫ mice showed no such uptake ( Fig. 1, C and D) . We also measured [ 3 H]ROL uptake in white adipose tissue that lacks Lrat expression (8) . Our analysis revealed that [ 3 H]ROL was detectable in adipose tissue of both genotypes, reaching a maximum after 2 h; by 6 h, [ 3 H]ROL had decreased in the fat of both genotypes ( Fig. 1E ). We also determined [ 3 H]ROL in the kidneys of these animals. Again, [ 3 H]ROL levels increased, reached a maximum at about 2 h, and then decreased with time in both genotypes ( Fig. 1F) .
To determine the chemical form of [ 3 H]ROL that accumulated in tissues, we extracted non-polar retinoids from the lungs and kidneys of both Lrat Ϫ/Ϫ and wild type mice. Retinoids were separated by HPLC, and the flow-through was collected every 2 min ( Fig. 2A ). Collected samples were dried and analyzed in a scintillation counter (Fig. 2 , B and C). About 90% of [ 3 H]ROL detected in the lung of wild type mice eluted in the RE fraction ( Fig. 2B ), indicating that most of the [ 3 H]ROL absorbed by this tissue was esterified. No such accumulation of [ 3 H]ROL in the RE fraction was noted in Lrat Ϫ/Ϫ mice. In wild type mice, some [ 3 H]ROL was detected as RE in the kidneys as well ( Fig. 2C ), but most of the injected [ 3 H]ROL (75% in wild type and 95% in Lrat Ϫ/Ϫ mice) remained unchanged as free non-esterified ROL, probably reflecting the clearance of TTR-unbound hRBP from the circulation by glomerular filtration.
CRBP1 Does Not Contribute Significantly to Cellular ROL Uptake-We found that wild type but not Lrat Ϫ/Ϫ mice accumulated [ 3 H]ROL from hRBP in the lung and eyes. To exclude the possibility that these differences were caused by alterations in ROL serum levels and/or Stra6 mRNA levels, we compared age-and sex-matched mice. No significant changes in ROL blood levels were observed between these two genotypes ( Fig.  2D ). Moreover, Stra6 mRNA levels in the lung and the eyes were comparable ( Fig. 2E ). Interestingly, Lrat Ϫ/Ϫ mice displayed significantly elevated Stra6 mRNA levels in white adipose tissue ( Fig. 2E) .
In cell culture studies, CRBP1 has been implicated in STRA6mediated vitamin A uptake (16) . Interestingly, Lrat Ϫ/Ϫ mice showed elevated CRBP1 protein in the liver, lung, and adipose tissue as compared with wild type control animals ( Fig. 2F ). Because [ 3 H]ROL did not accumulate in the eyes and lungs of Lrat Ϫ/Ϫ mice and Stra6 was expressed in these tissues, we conclude that CRBP1 alone cannot significantly enhance STRA6mediated ROL uptake in the absence of LRAT.
Retinoic Acid Induces Lrat-dependent Vitamin A Uptake and
Storage-Our analyses revealed that LRAT is critical for cellular ROL uptake from circulating holo-RBP by the lungs and eyes of mice. However, the coupling of STRA6 with LRAT may also contribute to the regulation of blood vitamin A homeostasis because both proteins are encoded by ATRA-regulated genes (13, 20) . Thus, we tested whether an acute systemic ATRA treatment would increase ROL uptake from circulating holo-RBP and if LRAT is required for this process. We first recorded dose-response curves in wild type mice treated with ATRA and vehicle alone and collected blood from the tail vein at different time points. Treatment with 30 and 10 mg/kg ATRA significantly decreased serum RBP levels after 4 h, whereas this effect of ATRA was not observed in mice treated with 5 mg/kg (Fig. 3,  A and B) . We next gavaged both wild type and Lrat Ϫ/Ϫ mice with ATRA (30 mg/kg) or vehicle alone. Again, 4 h after ATRA treatment, serum RBP levels were dramatically reduced in wild type mice. RBP serum levels then increased by 8 h and reached initial values by 24 h after ATRA treatment (Fig. 4, A and B) . In contrast to wild type mice, no changes of RBP serum levels were observed when Lrat Ϫ/Ϫ mice were treated with the highest dose (30 mg/kg) of ATRA (Fig. 4, A and B) .
We then treated wild type and Lrat Ϫ/Ϫ mice with ATRA (30 mg/kg) or vehicle only and sacrificed animals after 4 h to collect serum and tissues. Measurement of serum RBP levels again revealed a significant decrease in ATRA-treated wild type animals as compared with their vehicle only-treated siblings, but no such decrease was found in Lrat Ϫ/Ϫ mice (Fig. 4C ). We then measured serum ROL levels by HPLC analysis. In wild type mice, serum levels of ROL were significantly lower, mirroring the decrease of RBP (Fig. 4D ). Lrat Ϫ/Ϫ mice also showed a slight reduction of serum ROL levels upon ATRA treatment (Fig. 4D ). However, this decrease was significantly lower than in wild type mice.
The rapid decrease of holo-RBP upon ATRA treatment could be caused by increased STRA6 and LRAT activity in tissues and the elimination of ROL-free RBP via glomerular filtration. Therefore, we next measured Stra6 and Lrat mRNA expression levels by qRT-PCR analysis in ATRA-treated animals and compared them with vehicle-treated control animals ( Fig. 5 ). ATRA treatment significantly increased Stra6 and Lrat mRNA expression in the lungs of wild type mice (Fig. 5, A and  B) . We also confirmed induction of LRAT expression at the protein level ( Fig. 5C) . Surprisingly, ATRA had no significant effect on ocular Lrat expression, and only a modest increase of Stra6 expression was detected ( Fig. 5, D and E) . To exclude the possibility that this negative finding was caused by a lack of ATRA in ocular tissues, we determined ocular expression levels of Cyp26A1. qRT-PCR revealed an 18-fold induction of mRNA expression for this ATRA-inducible marker gene ( Fig. 5F) (24) .
Stra6 mRNA expression also was significantly increased in the lungs of ATRA-treated Lrat Ϫ/Ϫ mice ( Fig. 5H ) with only a slight increase found in their eyes (Fig. 5I) , despite a 16-fold increase in ocular Cyp26a1 mRNA expression ( Fig. 5J ). Stra6 expression also was highly increased in white adipose tissue of both treated genotypes (Fig. 5, G and K) . Thus, we conclude that ATRA Retains RBP in Hepatocytes in an LRAT-independent Manner-The liver secretes holo-RBP and constitutes a major contributor to blood vitamin A homeostasis. In vitamin A deficiency, lack of hepatic ROL prevents the secretion of holo-RBP into the circulation. Thus, we examined whether an ATRA-dependent induction of Lrat expression in liver could impede holo-RBP release by converting hepatic ROL into its ester form. As expected, qRT-PCR and immunoblot analysis demonstrated an induction of LRAT in ATRA-treated wild type mice as compared with vehicle-treated controls (Fig. 6, A and B) . To analyze whether such increased hepatic LRAT expression could lead to hepatic retention of RBP, we measured both RBP and ROL levels in livers of Lrat Ϫ/Ϫ and wild type mice. Surprisingly, liver RBP levels were significantly increased upon ATRA treatment independent of the genotype as compared with vehicle-treated controls (Fig. 6C ). HPLC analysis revealed no changes of liver ROL levels in both genotypes, but Lrat Ϫ/Ϫ mice showed lower ROL levels relative to wild type mice (Fig. 6D ). RBP mRNA levels remained unchanged after treatment with ATRA ( Fig.  6E) , showing that the observed elevated hepatic RBP did not result from de novo biosynthesis. Thus, we speculate that the LRAT-and ROL-independent increase of hepatic RBP could be explained by the binding of ATRA to RBP in hepatocytes. Pre-vious studies have reported that RBP has similar affinities for ATRA and ROL in vitro (25) and that RBP upon ATRA binding is retained in hepatocytes (26) . To confirm this effect of ATRA on RBP release, we treated human hepatoma HepG2 cells with ATRA or vehicle for 2 h and then added ROL. (Cells were preincubated with cyclohexamide to avoid any ATRA-induced changes in gene expression). HepG2 cells incubated with ATRA showed higher levels of RBP as compared with vehicletreated cells. (Fig. 6F ). The opposite was true when we measured RBP levels in the medium (Fig. 6F ), indicating that ATRA reduced RBP release from cells. These observations could explain the LRAT-independent increase of RBP in the liver of mice after ATRA treatment. However, accumulation of hepatic RBP in both genotypes and the lack of ATRA effects on circulating holo-RBP in Lrat Ϫ/Ϫ mice exclude the possibility that this mechanism significantly contributes to the rapid decrease in serum RBP levels observed only in wild type animals.
ROL Is Preferentially Transported to the Eyes in Long Term Vitamin A Deficiency-We found that Stra6 and Lrat expression is subject to ATRA regulation in non-ocular peripheral tissues, such as the lung, whereas ATRA did not induce ocular LRAT expression ( Fig. 5) . This difference suggested that ROL uptake from circulating holo-RBP in the eyes does not depend on the vitamin A status (e.g. it might still occur under conditions of prolonged vitamin A deficiency). Therefore, we analyzed the retinoid content of different tissues in wild type mice subjected to dietary vitamin A restriction for 20 weeks and compared the data with data from vitamin A-sufficient control animals. HPLC analyses showed a profound depletion of vitamin A levels in mice provided a vitamin A-deficient diet (VAD) in the liver and the lung, as compared with siblings given the vitamin A-sufficient (VAS) diet (Fig. 7, A and B) . Serum ROL levels also were lower in VAD animals, but this difference did not reach statistical significance (Fig. 7C) . In contrast, retinoid content of the eyes was comparable between VAD and VAS animals ( Fig. 7D ). We also measured Lrat and Stra6 mRNA levels in these tissues (Fig. 8) . Lrat mRNA levels were significantly higher in VAS animals as compared with VAD animals in both the liver and the lung (Fig. 8, A and B) . Stra6 mRNA levels were also higher in the lungs of the VAS mice (Fig. 8B) . In contrast, Lrat mRNA levels in the eye were higher in the VAD compared with the VAS mice, whereas Stra6 mRNA showed the opposite expression pattern (Fig. 8C ). This regulation could assure that circulating holo-RBP is mainly utilized by the eyes to support vision under prolonged dietary vitamin A restriction.
The RBP-lowering Drug Fenretinide Acts in an LRAT-dependent Manner-Pharmacological reduction of holo-RBP levels has been proposed as a strategy to combat certain diseases, such as lipofuscin-based retinopathies and type 2 diabetes (27, 28). Treatment of Abca4 Ϫ/Ϫ mice, a model for Stargardt disease, with the synthetic retinoid, fenretinide (FHR) (Fig. 9A) , arrested accumulation of A2E and lipofuscin autofluorescence in the RPE (28) . Recent research also has associated elevated blood RBP levels with type 2 diabetes (29) . Studies in diabetic mouse models have shown that FHR lowers RBP levels and improves glucose tolerance (27, 29) . Another RBP-lowering molecule, A1120 (Fig. 9A ), has been identified by a high throughput screening approach (30) . In vitro studies indicate that both FHR and A1120 disrupt the protein interaction between RBP and TTR (30) . RBP freed from TTR is then cleared from the circulation by glomerular filtration. Surprisingly, despite the RBP-lowering effect of both compounds, only FHR improves the glucose tolerance of diabetic mice (29, 30) . However, the mechanism responsible for this difference has not been established.
Previously, it was shown that, aside from its destabilizing influence on the holo-RBP⅐TTR complex, FHR also can induce the transcriptional activity of ATRA-dependent regulated genes (31) . Thus, we investigated whether the effects of FHR on blood RBP levels are at least in part caused by the induction of Stra6 and Lrat mRNA expression. To confirm that FHR can induce ATRA-regulated target genes, we treated WT mice with a single dose of FHR (30 mg/kg) and then measured Cyp26a1 expression by qRT-PCR in the liver after 24 h. This experiment showed that Cyp26a1 mRNA was 4.5-fold induced after FHR treatment (data not shown). Analysis of hepatic LRAT levels by immunoblot blot also indicated a 3-fold induction (data not shown). To analyze if the reduction of blood RBP levels by FHR is mediated by induction of Stra6 and Lrat mRNA expression in peripheral tissues, we next treated WT and Lrat Ϫ/Ϫ mice with FHR (30) and included the non-retinoid compound A1120 that does not display this effect as a control. After a single dose of FHR and A1120 (each 30 mg/kg) or vehicle only, we then measured serum RBP levels in tail vein blood by immunoblot analysis. As reported previously in WT mice, treatment with either drug significantly reduced RBP blood levels (Fig. 9B ), but in contrast, only A1120 reduced RBP serum levels in Lrat Ϫ/Ϫ mice (Fig. 9C) . At the end of this time course experiment, mice were sacrificed, and blood and tissues were collected. We then measured serum ROL levels by HPLC (Fig. 9D ). In mice, serum ROL was significantly decreased after FHR and A1120 treatment as compared with vehicle-treated animals. However, only A1120 decreased ROL levels in Lrat Ϫ/Ϫ mice as compared with vehicle or FHR-treated Lrat Ϫ/Ϫ animals. Thus, we conclude that FHR, like ATRA, reduces blood RBP levels in a LRAT-dependent manner, whereas A1220 reduced blood RBP levels independent of LRAT activity.
DISCUSSION
Here we analyzed the role of LRAT in cellular ROL uptake and blood vitamin A homeostasis in vivo (see Fig. 10 for the current model). We show in mice that cellular uptake of ROL from holo-RBP depends on LRAT in peripheral tissues, such as the lungs and eyes. This coupling of ROL transport to an intracellular enzymatic activity traps this small membrane-permeable molecule as REs in target cells. We also provide evidence that this coupling is regulated to accommodate the differential distribution of vitamin A into peripheral tissues under condi- tions of vitamin A deficiency and excess. Finally, we demonstrated that this regulation is affected by FHR, a drug used clinically to lower holo-RBP levels in certain disease states. The implications of these findings for vitamin A uptake and homeostasis are discussed below.
LRAT Is Critical for Cellular ROL Uptake-ROL is a small lipophilic molecule that can cross biological membranes by passive non-ionic diffusion. This physical property is manifested by both the intestinal uptake of ROL and the cellular uptake of ROL from circulating chylomicrons independent of specific transporters (for a recent review, see Ref.
3). Pharmacological doses of retinoids also can be delivered to target tissues, such as the eyes, without specific transport systems (21) . Nevertheless, mammals have evolved a specific ROL transport system wherein RBP mobilizes ROL from RE stores mainly from the liver and distributes it via the circulation to target tissues. Hepatic holo-RBP secretion is strictly dependent on vitamin A, and thus blood holo-RBP levels remain constant as long as stored vitamin A is available from the liver. This regulation guarantees that extrahepatic tissues have access to vitamin A even under conditions when dietary vitamin A is not available. In vitro cell culture studies identified STRA6 as a high affinity RBP receptor that facilitates uptake of ROL by target cells (12) , an observation confirmed by in vivo studies in zebrafish and mice (14, 15) . Here we identified LRAT as a third critical component of this transport system. This conclusion is based on measurement of [ 3 H]ROL uptake from holo-hRBP in wild type and Lrat Ϫ/Ϫ mice. Our data showed that serum hRBP levels rapidly increased after intraperitoneal injection and then decreased with time. In the kidney, [ 3 H]ROL levels peaked after 2 h and then declined. Most of the [ 3 H]ROL existed in nonesterified form in this organ, indicating that injected hRBP is eliminated from the circulation by glomerular filtration (10) . Nevertheless, the lung and the eyes of wild type mice accumulated increasing amounts of [ 3 H]ROL from injected hRBP over time. HPLC analysis of retinoids in the lung demonstrated that this [ 3 H]ROL existed in esterified form. This accumulation was absent in Lrat Ϫ/Ϫ mice, demonstrating that the cellular uptake of [ 3 H]ROL from hRBP by this tissue was LRAT-dependent. An LRAT requirement for cellular vitamin A uptake is consistent with our previous finding that STRA6 can also facilitate the efflux of ROL from cells (15) . The coupling of STRA6 with LRAT enhances ROL uptake by converting it to its ester form that is readily stored in cellular lipid droplets (32) . Such coupling of transport with an energy-consuming intracellular enzymatic reaction is a common characteristic of biological systems (e.g. for trapping of glucose by ATP-dependent phosphorylation). Besides LRAT, CRBP1 was suggested as an intracellular ROL acceptor from in vitro studies (16) . Interestingly, we found that Lrat Ϫ/Ϫ mice displayed relatively high levels of CRBP1 in tissues as compared with control mice used in this study. However, although CRBP1 was present, no significant accumulation of [ 3 H]ROL was observed in peripheral tissues, such as the eyes and lungs of Lrat Ϫ/Ϫ mice. A minor role for CRBP1 in cellular ROL uptake also is consistent with studies of Crbp1 Ϫ/Ϫ mice that show relatively normal ocular retinoid levels (33) .
Like dietary vitamin A from the intestine, stored vitamin A from the liver could be distributed with secreted lipoproteins. Thus, a critical question is why vertebrates have developed a highly specific transport system for the distribution of stored ROL. A common explanation is that such a system helps an animal to endure periods of dietary vitamin A deprivation. Although this argument certainly is valid, a specific transport system as we show here offers additional advantages, such as tissue specificity and regulation, strikingly demonstrated by the selective vitamin A uptake of the retinal pigmented epithelium (RPE). Despite its relatively small surface, this cell layer must acquire large amounts of ROL from the circulation to produce visual chromophore, which then must be delivered to adjacent photoreceptors. The dependence of the RPE on a specific vitamin A uptake system was previously demonstrated in both RBP-and LRAT-deficient mice (9, 19) and more recently in STRA6-deficient mice (14) .
ATRA Regulation of Cellular Vitamin A Uptake-ATRA-dependent regulation of ROL uptake activity by peripheral tissues was recently demonstrated in neonatal lungs of rats (34) . Supplementation of animals with ATRA and synthetic analogs resulted in higher RE stores in this tissue. In contrast, a decline of serum RBP did not occur in Lrat Ϫ/Ϫ mice after ATRA treatment, despite their increased Stra6 expression. It was previously reported that Lrat Ϫ/Ϫ mice on ROL-sufficient diets show increased Cyp26a1 mRNA expression in liver (18) , indicating that ATRA may undergo a more pronounced first pass metabolism in this mouse mutant. However, we believe that this characteristic does not conclusively explain differences between wild type and Lrat Ϫ/Ϫ mice for the following reasons. Pharmacological doses of ATRA induced Stra6 and Cyp26a1 mRNA expression to a similar extent in Lrat Ϫ/Ϫ and wild type mice. Additionally, wild type mice showed a pronounced decline of RBP when gavaged with a 3-fold lower amount of ATRA than Lrat Ϫ/Ϫ mice. Furthermore, the synthetic retinoid FHR also reduced RBP levels in wild type but not Lrat Ϫ/Ϫ mice, but FHR, unlike ATRA, displays a longer half-life and does not show evidence of autoinduced increased metabolism by Cyp26a1 (see Ref. 35 and references therein). Indeed, RBP serum levels were still reduced after 24 h in wild type mice after FHR treatment, whereas Lrat Ϫ/Ϫ mice showed no such reduction. Thus, our findings best fit a model for coupling ROL transport to intracellular esterification. In wild type mice, a concomitant induction of STR6 and LRAT activities by ATRA increases cellular ROL uptake, whereas the induction of STRA6 alone in Lrat Ϫ/Ϫ mice does not suffice. In summary, our data suggest that coupling of STRA6 and LRAT function also facilitates control of cellular ROL uptake. When challenged with a pharmacological dose of ATRA, wild type mice exhibited a rapid decline in serum RBP.
Intriguingly, we found that Stra6 and Lrat were not ATRAresponsive in the eyes. This lack of ATRA regulation is explain- FIGURE 7 . Ocular retinoid homeostasis is maintained in mice subjected to dietary vitamin A restriction. Upon weaning, male wild type mice (n ϭ 5/condition) were maintained on either a vitamin A-deficient or -sufficient (4000 IU of vitamin A/kg) diet. After 20 weeks, animals were sacrificed, and retinoid levels were determined in the serum and tissues. A, total retinoid levels in the liver. B, total retinoid levels in the lungs. C, total retinoid levels in the eyes. D, ROL levels in the serum. able by the dual role of LRAT in the eyes for both uptake of ROL and participation in the visual cycle. ATRA responsiveness of ocular LRAT activity probably would affect visual chro-mophore metabolism. Moreover, ATRA unresponsiveness of Stra6 and Lrat expression in the eyes versus their responsiveness in tissues, such as the lung, provides an additional advan-FIGURE 9. FHR but not A1220 decreases RBP and retinol serum levels in a LRAT-dependent manner. A, molecular structure of the two RBP-lowering agents used, namely the synthetic retinoid FHR and A1120. B and C, serum RBP levels in wild type (B) and Lrat Ϫ/Ϫ (C) mice after a single gavage with 30 mg of FHR/kg (white squares), 30 mg of A1120/kg (black triangles), or vehicle (black diamonds). Blood samples from the tail vein of each animal were collected (n ϭ 3/genotype and condition) at the time points shown. Representative immunoblots for serum RBP are displayed above the graphs. Ponceau S staining for albumin was used as loading control. D, after 24 h, mice were sacrificed, and serum was collected for HPLC analysis of ROL levels. As a loading control, PVDF membranes were stained with the nonspecific protein dye Ponceau S. The band selected in Fig. 7, B and C, corresponds with the molecular mass of the albumin (66 kDa). Data represent means Ϯ S.E. (error bars) One-way ANOVA, followed by LSD post hoc, was performed (p Ͻ 0.05), a b. *, p Ͻ 0.05; Student's t test comparing the control group with each genotype. FIGURE 10. Scheme of the interplay between identified components mediating cellular vitamin A uptake in peripheral tissues. In this process, LRAT enhances the cellular uptake of ROL from holo-RBP via STRA6 by converting absorbed ROL to RE. In lungs, this process is subject to regulation by all-transretinoic acid. In the eyes, no such regulation was observed. Moreover, RE can be further converted to 11-cis-retinol by retinal pigment epithelium protein of 65 kDa (RPE65) that displays retinoid isomerase activity. tage. In vitamin A deficiency, Lrat expression is greatly reduced in tissues such as the lung because of ATRA-dependence (36) . As a consequence, stored ROL is mainly delivered and taken up by the eyes to maintain vision. Indeed, we found that ocular retinoid levels were comparable between VAS and VAD animals, whereas lung and liver stores of VAD animals were largely depleted. This regulation may ensure that there is no competition between the eyes and peripheral tissues, such as the lungs, for ROL remaining during vitamin A depletion.
The RBP Lowering Effect of FHR Versus A1220-Lowering of blood holo-RBP by the synthetic retinoid FHR could be a strategy to fight certain diseases states. We provide evidence that the regulation of STRA6 and LRAT in cellular vitamin A uptake is the target of this drug. In our experiments, FHR reduced holo-RBP levels in wild type but not in Lrat Ϫ/Ϫ mice. In contrast, the RBP-lowering drug, A1220, acted independently of LRAT by reducing holo-RBP in both wild type and Lrat Ϫ/Ϫ mice. The latter finding suggests that FHR acts through retinoic acid receptors to induce Stra6 and Lrat expression rather than by disrupting the holo-RBP⅐TTR complex as previously proposed (37) . Indeed, it was previously shown and confirmed here that this synthetic ATRA derivative can induce retinoic acid receptor-regulated target genes when administered to animals (31) . This observation also could pertain to the effects of FHR on diabetes. FHR treatment reduced both elevated RBP levels and insulin resistance in mice with type 2 diabetes (29), but treatment with A1220 did not affect insulin resistance despite its pronounced RBP lowering effect (30) . Therefore, it was concluded that lowering RBP levels does not suffice to improve insulin resistance in diabetic mice (30) . Interestingly, several studies have shown that ATRA reduces obesity and lowers insulin resistance in mice (38 -40) . Thus, the effects of FHR on insulin resistance could at least in part be explained by its capability to increase retinoid signaling in tissues.
The finding that FHR and A1220 act through different mechanisms could be relevant to the pharmacological treatment of retinal diseases associated with the accumulation of aberrant retinoid cycle products, including Stargardt disease and agerelated macular degeneration. Treatment of Abca4 Ϫ/Ϫ mice, a model for such diseases, with FHR arrested accumulation of A2E and lipofuscin autofluorescence in the RPE by reducing ocular retinoid levels (28) . An effect of FHR on ocular retinoid metabolism and visual performance also has been reported in patients treated with this drug to fight certain forms of cancer (41, 42) . As we show here, FHR acts by inducing Lrat-dependent cellular vitamin A uptake by non-ocular peripheral tissues, such as the lungs. In contrast, A1220 acts LRAT-independently. Thus, FHR promotes redistribution of circulating vitamin A from ocular toward non-ocular tissues, whereas A1220 eliminates holo-RBP from the circulation. Future comparisons of the efficacy and safety of both drugs in the treatment of mouse models with various retinal diseases and diabetes should be of compelling interest.
